1. Introduction {#sec1}
===============

Alzheimer's disease (AD) is the most common, complex and debilitating neurodegenerative disease affecting mainly elderly population. The disease is characterized by molecular and genetic changes in neurons leading to neuronal degeneration and ultimately brain dysfunction and death \[[@r1], [@r2]\]. There has been extensive research in the past decade covering diverse aspects of epidemiology, etiopathogenesis, genomics and proteomics related to AD \[[@r3]\]. However, the identification of causal factor, better diagnostic procedures and the disease modifying treatment modalities are still far from reality due to complex, multifactorial and heterogeneous nature of the disease \[[@r4]\]. Most of the AD cases (95%) are of the sporadic type and only age \[[@r5], [@r6]\] and the possession of the apolipoprotein E ε4 allele (*APOE ɛ4*) \[[@r7]-[@r10]\] have been consistently associated with sporadic cases to date. The concordance rate for AD in identical twins has been estimated to be just 59% \[[@r11]\] suggesting that some other factors also contribute in the pathogenic cascade. As the etiology and pathogenesis of AD are still poorly understood, it seems plausible that multiple signalling molecules are involved in the pathogenic cascade with some triggering the disease onset while others are involved in disease progression.

In recent years, chronic infections have been commonly implicated in various complex diseases, including neurodegenerative, neuropsychiatric and other conditions \[[@r4], [@r12]-[@r14]\]. Interestingly, infectious agents may initiate disease pathogenesis by entering central nervous system (CNS) within infected macrophages by transcytosis across the blood-brain-barrier (BBB) or by intraneuronal migration from peripheral nerves \[[@r15]\]. An interesting hypothesis for the causation or progression of complex neurodegenerative disease involves chronic viral infections, which result in aberrant inflammatory response and excess oxidative stress resulting in neurologic signs and symptoms. A number of viral pathogens have been suggested to be associated with cognitive dysfunction seen in AD and vaccination against some of these viruses has been shown to be protective \[[@r16], [@r17]\]. The interaction between host and viral genes may occur in an integrated manner so as to allow pathogens to contribute to disease in individuals with genetic predisposition, or genes to promote disease in infected populations. This suggests that gene, viruses, and the immune system act together to cause AD, and focus on virus detection and elimination should be a priority in at risk population.

Here, we aim to understand human -- viral interaction with a view that host pathogen genetics may provide better clue to the underlying pathogenesis of complex disorders and open new prospects for the better diagnostics and therapeutics. Elucidating the genetic architecture of host--pathogen interactions may help us understand the pathogenic mechanism along with identification of host susceptibility markers. Further, identification of already known drugs which can attenuate the viral mediated oxidative stress and inflammation may also help to halt or reverse the AD pathology.

2. Methods {#sec2}
==========

2.1. Data Mining {#sec2.1}
----------------

As amyloid plaques and neurofibrillary (NFTs) made up of beta-amyloid peptides from amyloid precursor protein (APP) and hyperphosphorylated tau protein (MAPT) respectively, are the neuropathological hallmarks of AD, we retrieved protein interactors of APP and MAPT from NCBI database (date accessed: 12.1.2017). The source of interactant information in NCBI was mainly protein-protein interaction databases such as Biomolecular Interaction Network Database (BIND), Human Protein Reference Database (HPRD) and Biological General Repository for Interaction Datasets (BIOGRID) with all interactions supported by a published report. The genes for oxidative stress were retrieved from NetAge \[[@r18]\] (<http://www.netage-project.org>) and for inflammation associated genes from NetAge and InnateDB \[[@r19]\] (<http://www.innatedb.com/>) databases. Genes implicated in aging were retrieved from GenAge database and gene expression data from NCBI GEO (GSE46193 and GSE53890) after analyses with NCBI GEO2R tool (top 250 genes) \[[@r20]\] (<https://www.ncbi.nlm.nih.gov/geo/geo2r/>). The extracted genes were filtered if found duplicate and then fed into the HUGO Gene Nomenclature Committee (HGNC) database \[[@r21]\] (<http://www.genenames.org/>) to find corresponding HGNC ids. Unmatched, previous symbol and synonyms were removed.

2.2. Protein-protein Interaction Network {#sec2.2}
----------------------------------------

To exclude out false positive candidates, the genes/ proteins from different datasets were individually used to create human protein-protein interaction network (PPIN) with high confidence interactors (score≥0.7) using the STRING v10.0 database \[[@r22]\]. The data for interacting nodes were merged and duplicates were removed. Also, the nodes in the PPIN different from the input dataset were discarded.

2.3. Human-viral Interaction Network {#sec2.3}
------------------------------------

The high confidence interactors obtained from STRING database for different datasets were overlapped using jvenn tool \[[@r23]\] to find oxidative stress and inflammation genes related to both aging and AD. Then, to identify the human-viral interacting genes in AD, the interactions of candidate genes/proteins with known viruses were mapped using the virhostnet v2.0 database \[[@r24]\] (<http://virhostnet.prabi.fr/>).

2.4. Drug-gene/protein Interactions {#sec2.4}
-----------------------------------

To identify plausible drug targets for the eight identified candidate genes, we used the Drug-Gene Interaction database (DGIdb) (<http://dgidb.genome.wustl.edu/>). It is comprised of data related to human drugs, 'druggable genes' and drug-gene interactions from 13 different sources and currently contains more than 14,144 drug-gene interactions involving 6,307 drugs and 2,611 human genes \[[@r25], [@r26]\].

2.5. Validation {#sec2.5}
---------------

To validate the probable role of virus pathogenesis in AD, we extracted top 20 AD GWAS genes \[[@r27]\] and created a PPIN that also included candidate genes identified in our analysis to ascertain whether they show any interaction with the GWAS genes. Further, AD GWAS genes were also mapped using VirHostNet v2.0 database to identify known viral interactors.

3. Results {#sec3}
==========

3.1. Data Mining {#sec3.1}
----------------

From NCBI database 2161 APP interacting genes were retrieved and after removing duplicates resulted in 2097 genes. Similarly, 153 MAPT interacting genes were retrieved and after removing duplicates resulted in 117 genes. 214 genes associated with oxidative stress were extracted from NetAge. 157 and 1205 genes associated with inflammation were extracted from NetAge and InnateDB databases respectively which after merging and duplicate removal remained 1269. 305 genes implicated in aging were retrieved from GenAge, 248 from GSE53890 and 244 from GSE46193 and removal of duplicates after merging resulted in 734 genes (Supplementary File **1**). Finally, after HGNC mapping and sorting, data mining resulted in 2084 APP, 116 MAPT, 214 oxidative stress, 1195 inflammation and 729 genes associated with aging (Supplementary File **2**). The overall workflow is depicted in [Fig. (**[1](#F1){ref-type="fig"}**)](#F1){ref-type="fig"}.

3.2. Protein-protein Interaction Network {#sec3.2}
----------------------------------------

PPIN analysis using the STRING database for different input candidate gene datasets resulted in five different networks. The nodes (and edges) for APP, MAPT, oxidative stress, inflammation and network were 744 (1094), 119 (562), 214 (1880), 1152 (13338) and 730 (5638) respectively. Applying scoring threshold (≥0.7) and filtering resulted in 404 APP, 109 MAPT, 204 oxidative stress, 1014 inflammation and 572 aging related high confidence genes/proteins. The overlap among these datasets yielded eight candidate genes (Supplementary File **3**).

3.3. Human-viral AD Interaction Network {#sec3.3}
---------------------------------------

The overlap among all datasets yielded six common markers (*AKT1, GSK3B, APP, APOE, EGFR, PIN1*) whereas after excluding aging dataset the overlap resulted in two additional candidates (*CASP8, SNCA*) (Fig. **[1](#F1){ref-type="fig"}**). The virus interaction with overlapping six AD candidate genes showed involvement of mainly hepatitis C virus (HCV) with APOE, Epstein--Barr virus (EBV) with EGFR, Human papillomavirus (HPV) with EGFR, APOE, APP, CASP8 and Human herpes virus (HHV) with APP and CASP8 proteins respectively. Different viral strains were specifically found to be present in the PPI network (Fig. **[2a](#F2){ref-type="fig"}** and **[2b](#F2){ref-type="fig"}**).

3.4. Drug-gene/protein Interactions {#sec3.4}
-----------------------------------

Based on the DGIdb results, 14 drugs interacted with gene *AKT1* that encodes for AKT serine/threonine kinase 1, 20 drugs with *GSK3B* (Glycogen synthase kinase 3 beta), 4 drugs with *APP* (Amyloid beta (A4) precursor protein), 2 drugs with *APOE* (Apolipoprotein E), 30 drugs with *EGFR* (Epidermal growth factor receptor), 1 drug with *PIN1* (Peptidylprolyl cis/trans isomerase, NIMA-interacting 1), 3 drugs with *CASP8* (caspase 8) (Supplementary File **4**). Out of the 74 drugs, only 12 (2-*AKT1*, 3-*GSK3B*, 2-*APOE*, 5-*EGFR*) were found to possess anti-inflammatory property, antiviral activity along with a suggested role in AD therapy (Table **[1](#T1){ref-type="table"}**).

3.5. Validation {#sec3.5}
---------------

Except *APOE*, no- other gene from eight identified candidate genes was found to be present in the AD GWAS dataset, but we observed strong interactions of these candidate genes with GWAS AD genes through PPIN.

4. Discussion {#sec4}
=============

AD is the most common neurodegenerative disease which is reaching epidemic proportions due to the impact of population aging. Inflammation and oxidative stress play an important role in the pathogenesis of AD and the possible triggers for these may be mitochondrial dysfunction, increased metal levels, CNS infections, and β-amyloid (Aβ) peptides. Recently, association of infectious agents in complex human diseases not primarily suspected of infectious etiology has been increasingly reported. Further, viral infections have been shown to initiate peripheral local inflammatory response leading to neuronal and glial dysfunctions in the brain \[[@r28]\]. Recent advances in infectomics (high-throughput profiling of an infection), functional genomics and VirHostNet knowledge base has made it possible to identify host factors implicated in life cycle of viruses and virus-host protein-protein interactions \[[@r29]\].

The present study elucidated the molecular link among genes/proteins interacting with amyloid, tau, inflammation and oxidative stress with the potential involvement of viral pathogenesis and potential drug candidates. We used aging dataset and AD GWAS top 20 genes for validation purpose and overlap of genes/proteins interacting with amyloid beta precursor protein, microtubule associated protein tau, inflammation, oxidative stress and aging yielded six common markers (*AKT1, GSK3B, APP, APOE, EGFR, PIN1*) whereas excluding aging the overlap resulted in two additional candidates (*CASP8, SNCA*) (Supplementary Figs. **[1](#F1){ref-type="fig"}** and **[2](#F2){ref-type="fig"}**). Except *APOE*, none other gene was found in GWAS dataset, but we observed a strong interactions of these eight candidate genes with GWAS AD genes through PPIN and mapping with same group of viruses as observed with eight candidate genes (Supplementary Figs. **F3** and **F4**). There exists substantial literature on the role of these eight genes with AD risk, pathology and all of these candidate genes were found to interact with the different viruses.

*AKT1* gene encodes for AKT serine/threonine kinase 1 and is involved in Insulin signaling pathway. Intracellular Aβ inhibits Insulin receptor signaling in neurons by preventing AKT1 activation \[[@r30]\]. The rs2498786 promoter polymorphism in *AKT1* was found to be associated with AD risk in a Chinese Han Population with and without Type 2 Diabetes (T2D) along with association of GG genotype with significantly higher AKT1 protein level \[[@r31]\]. AKT1 is shown to be involved in the tau phosphorylation at specific region (AT100 epitope) \[[@r32]\]. Rickle *et al*. 2006 reported that immunoprecipitated Akt induces phosphorylation of GSK-3 alpha/beta fusion protein resulting in significant increase in soluble fraction AKT activities in temporal cortex (direct correlation with neurofibrillary change staging of Braak). Further, in reactive astroglia and in pyramidal neurons undergoing degeneration associated with AD pathophysiology strong Ser Akt immunoreactivity was observed \[[@r33]\]. Cognitive impairment caused by Aβ42 in rats and mice is mediated by a pathway involving AKT1, GSK3β and CASP3 \[[@r34]\]. Interestingly, familial AD mutations of APPβ and presenilin (PSEN) can induce AKT1/GSK3β-mediated signalling leading to AD pathogenesis \[[@r35]\].

Three single-nucleotide polymorphisms in *GSK3B* - rs334558, rs1154597 and rs3107669 were found to be significantly associated with elevated T-tau levels, reduced Aβ42 levels and lower MMSE scores respectively \[[@r36]\]. A recent meta-analysis showed ethnicity specific correlation of *GSK3B* rs334558 T/C and rs6438552 C/T polymorphisms with AD risk \[[@r37]\]. An intronic polymorphism (IVS2-68G\>A) was also found to be associated with higher risk for AD as well as fronto-temporal dementia \[[@r38]\]. Hernandez and colleagues have shown that overexpression of GSK3β enzyme in mice forebrain neurons can lead to tau hyper- phosphorylation, neuronal death, reactive astrocytosis, along with spatial learning deficit. Interestingly, they observed that lithium administration in earlier stage can prevent the progression of the tauopathy \[[@r39]\]. Inhibition of GSK3β activity has been investigated by several different groups worldwide as a potential therapeutic intervention for AD \[[@r40]\].

With the failure of anti-amyloid therapeutic strategies to translate into clinically useful therapies, it is suggested that APP and Aβ42 are not the only common players in the AD disease cascade. However, Amyloid hypothesis is still considered as a significant mechanism leading to AD pathophysiology. Apart from significant association of *APP* and *PSEN* mutations in familial AD, *APOE4* has been the most consistent risk factor for late-onset AD to date \[[@r41]\]. A recent study reported differential transcriptional regulation of APP by different APOE isoforms \[[@r42]\]. Further, Aβ-induced neuroinflammation is mediated by APOE4 whereas inhibited by APOE2 *via* vitamin D receptor (VDR) signalling \[[@r43]\]. Cognitive and cerebrovascular dysfunction has been shown to be induced by the combined presence of Aβ42, APOE4 and peripheral inflammation \[[@r44]\].

CSF ApoE predicts progression of AD through its association with CSF Tau in non-demented *APOE* ε4 carriers \[[@r45]\]. In a meta-analysis study by our group, lower CSF ApoE levels were found to be associated with AD risk \[[@r46]\] In addition, *APOE* and *EGFR* were found to be candidate genes through genomic convergence and network analysis approach. Further, in a case-control study involving 267 patients with AD (PwAD) and 108 controls, we have identified a panel of biomarker comprising six parameters (Age, Education status, *APOE* ε4, EGFR levels, Iron levels, serum copper to zinc ratio) and created an AD risk score (ADRS) that can be used to differentiate AD cases from controls. In female mice, APOE4-induced cognitive and cerebrovascular deficits is prevented by the Epidermal growth factor (EGF) \[[@r47]\].

Pin1 belongs to the family of molecular chaperones \[Peptidyl-prolyl cis/trans isomerases (PPIases)\] and are involved in the regulation of protein folding at proline residues \[[@r48]\]. Both GSK 3β and Pin1 are involved in linking amyloid β and Tau toxicities \[[@r48], [@r49]\]. In the brains of PwAD, Pin1 was found to be absent or downregulated which resulted in increased amyloidogenic APP processing and neurofibrillary degeneration \[[@r50], [@r51]\]. The similar findings were observed in Pin1 knockout mice with increase in the amyloidogenic APP processing along with change in the intracellular localization and regulation of APP conformation with lowering of Pin1 levels \[[@r50]\]. Further, significantly higher Pin1 mRNA level was found in the hippocampus of APOE4 mice than in APOE3 controls \[[@r52]\]. The level of neuroprotective Pin1 expression was reported to be significantly decreased in SH-SY5Y human neuroblastoma cells exposed to Aβ (25-35) \[[@r53]\]. Lower Pin1 decrease isomerisations of pThr231-Pro232 motif of Tau, inhibiting its dephosphorylation by PP2A phosphatase resulting in microtubules depolymerisation \[[@r54]\]. A *PIN1* polymorphism rs2287839 with 'CG' genotype that prevents its repression by activating enhancer binding protein 4 (AP4) transcription factor is found to be protective for AD causing delayed  onset in Chinese population as compared to 'GG' genotype \[[@r55]\].

Increased caspase-8 activation along with caspase-3 and caspase-9 in peripheral blood mononuclear cells of PwAD has been reported \[[@r56]\]. Aβ 17-42 induced neuronal apoptosis is observed *via* a Fas-like/caspase-8 activation pathway in two human neuroblastoma cell lines, SH-SY5Y and IMR-32 \[[@r57]\]. CASP-8p18 immunolabeling of hippocamal neurons was demonstrated in all AD cases as compared to little staining in controls \[[@r58]\].

In Japanese subjects with AD, increased mRNA expression and low methylation of SNCA is reported \[[@r59]\]. Wang *et al*. showed that the 'GG' genotype of rs10516846 polymorphism in *SNCA* gene and increased α-synuclein levels in the CSF of 'GG' carriers is associated with increased early-onset AD risk in Chinese population \[[@r60]\]. The elevated α-synuclein levels induces cytotoxicity by decreasing B-cell lymphoma-extra large (Bcl-xL) protein and increasing BCL2-associated X (bax) protein expression, followed by release of cytochrome c, activation of caspase and also by inflammatory responses *via* the NFκB and mitogen-activated protein kinase (MAPK) signalling pathways \[[@r61]\].

The virus interaction with eight candidate genes showed involvement of mainly hepatitis C virus (HCV), Epstein--Barr virus (EBV), Human papillomavirus (HPV) and Human herpes virus (HHV-8). Association of HCV infection with AD has been reported consistently in recent years \[[@r62]\]. A 11 year population-based study in Taiwan conducted by Chiu and colleagues reported HCV infection as a significant risk factor for AD with multivariate adjusted hazard ratio of 1.36 (P\<0.0001) for dementia in the HCV cohort. Further, HCV infection was found to be an independent AD risk factor  with no interaction with other medical illnesses \[[@r63]\]. It has been suggested that HCV infects the brain monocytes/ macrophages through infected PBMC which cross the blood brain barrier and replicates in the brain endothelial cells and cause neuro-inflammation leading to white matter neuronal loss, perfusion and changes in association tracts. Higher levels of pro-inflammatory cytokines, choline/creatine ratio, myo-inositol/creatine ratio, N-acetyl aspartate (NNA) and NNA-glutamate were found in the brain (basal ganglia) of HCV infected patients \[[@r64]-[@r68]\]. Cognitive dysfunction and neuropsychological symptoms were found to be present in the patients infected with HCV and also correlated with severity of the infection \[[@r69], [@r70]\]. Interestingly, Sutcliffe and colleagues have demonstrated liver as the site of origin of AD instead of brain \[[@r71]\].

McIntosh PB *et al*. 2008 conducted the structural analysis of the HPV type 16 E1\^E4 protein revealing the existence of an amyloid form. Further, the author showed that the assembly into amyloid-like fibrils is facilitated by the N-terminal deletions and the fibrils bind to thioflavin T, which is commonly used to detect amyloid beta fibrils. The C-terminal region was found to be highly amyloidogenic, and its deletion prevented the accumulation and eliminated the amyloid staining \[[@r72]\]. In an interesting report, HPV-16 and HPV-18 coexisting infections were found in patients with autism and screening of these viruses is recommended in patients with AD \[[@r73]\].

Among all Human herpes viruses, interaction was found only with HHV 4 *i.e*. Epstein--Barr virus (EBV), limited interaction of HHV8 with only APP and CASP-8 and CMV with only caspase-8. In a recent study by Shim *et al*., elevated plasma anti-EBV IgG antibodies were found in the follow-up of individuals from cognitively normal state to amnestic MCI (aMCI) state as compared to normal controls \[[@r74]\]. In addition, significant association of elevated plasma anti-EBV IgG levels with CDR scales and total CERAD scores was also observed in the Converter group. Interestingly, in another study, increased EBV IgG levels were reported in the patients with AD having IRF7 GG genotype \[[@r75]\]. These findings provide compelling evidence in support of the role of chronic EBV infection with cognitive decline in AD. HHV-8 virus has been associated with AIDS-dementia complex, primary CNS lymphoma and amyotrophic lateral sclerosis (ALS) but till date no association has been shown with AD \[[@r76]\]. Similarly, existing literature does not substantiate association of CMV with AD.

Although some studies have highlighted the role of HSV1 and Varicella-zoster virus (VZV) in the pathogenesis of AD, however, we did not find interaction of any candidate genes with HSV1 and VZV \[[@r77], [@r78]\]. The indirect interaction between AD risk genes and HSV genome *via* host transcription factors has been reported by Carter *et al*. \[[@r79]\]. Further, mechanism of HSV infection through soluble adapter-mediated virus bridging to the EGF receptor has also been reported in a recent study \[[@r80]\]. Additionally, molecular mechanism of HSV-1 in AD has been described by Harris *et al*. showing indirect involvement of mainly AD GWAS associated genes \[[@r81]\]. Further, a study by Hemling *et al*. has shown unlikely association between VZV and AD which reported VZV DNA in 26.5% of AD and in 27.5% of Controls \[[@r82]\].

Twelve drugs (Risperidone and Nelfinavir targeting *AKT1*; Alsterpaullone, Indirubin-3\'-monoxime and Lithium targeting *GSK3B*; Ritonavir and Simvastatin targeting *APOE*; Gefitinib, Erlotinib, Paclitaxel, Sirolimus and Geldanamycin targeting *EGFR*) were identified as potential drug candidates with anti-inflammatory, antiviral activities and role in Alzheimer's disease therapy (Table **[1](#T1){ref-type="table"}**), of which, patent has already been granted or applied for the three  drugs namely Nelfinavir (WO2006108666A1), Gefitinib (US9271987B2, US20130302337A1) and Erlotinib (US9271987B2) for AD therapy.

***AKT1 (***AKT serine/threonine kinase 1): Risperidone, an atypical antipsychotic, has resulted in improved concentration and cognition in patients with schizophrenia. In a recent study, risperidone significantly reversed the Aβ42 induced dysfunction in memory, learning, exploratory behavior and locomotor activity. Also, risperidone decreased the levels of Aβ42, BACE1 and hyperphosphorylated tau in the hippocampus and cortex of mice model of AD as detected by enzyme-linked immunosorbent assay (ELISA) assay. In cultured cortical neurons, risperidone also reversed the Aβ42-induced loss of cell viability and mitochondrial membrane potential. The p-Akt expression was found to be increased, whereas GSK3β and Caspase-3 expression were found to be decreased \[[@r83]\].

***GSK3B*** (Glycogen synthase kinase 3 beta): Alsterpaullone, the most active paullone, inhibits *in vivo* tau phosphorylation at sites which are specifically phosphorylated by GSK-3β \[[@r84]\]. Indirubin-3\'-monoxime has been shown to reduce Aβ25-35-induced apoptosis by inhibiting hyperphosphorylation of tau *via* a GSK3β-mediated mechanism in human SH-SY5Y neuroblastoma cells \[[@r85], [@r86]\]. It confers neuro-protection against cognitive impairment induced by high fat diet in mice probably by increasing Brain-derived neurotrophic factor (BDNF) based synaptic plasticity \[[@r87]\]. Further, Indirubin-3\'-monoxime also attenuates Aβ-associated neuropathology and rescues spatial memory deficits in an AD mouse model \[[@r88]\].

Lithium and memantine (NMDA receptor antagonist) alone and in combination can improve spatial memory decline and inflammation induced by Aβ42 oligomers in rats \[[@r89]\]. A meta-analysis comprising 3 clinical trials comprising 232 subjects showed that lithium significantly reduced cognitive impairment as compared to placebo \[[@r90]\]. Lithium exhibit neuro-protective effects *via* inhibition of GSK-3 and inositol-145 triphosphate \[[@r91]\].

***APOE*** (Apolipoprotein E): Although ritonavir strongly decreases the activity of BACE1, lopinavir/ritonavir shows no effect on Aβ deposition in the mouse (APP SCID) brain, probably due to poor *in vivo* CNS penetration \[[@r92]\]. Re-analysis of data from failed AD clinical trials suggested that the use of simvastatin may delay the cognitive dysfunction predominantly in patients with ApoE4 homozygotes. Long-term use of statins has been associated with better cognitive performance. In a 10-year follow-up study, APOE4/APOE4-genotyped AD patients on statin therapy exhibited better cognitive function \[[@r93]\]. Simvastatin confer neuroprotection against cognitive impairment in AD possibly by upregulation of Klotho, an anti-aging protein that attenuates oxidative stress by the induction of enzyme manganese superoxide dismutase (MnSOD) \[[@r94]\]. Simvastatin and atorvastatin have been shown to facilitate extracellular degradation of Aβ by increasing secretion of neprilysin from astrocytes *via* activation of MAPK/Erk1/2 signalling pathways \[[@r95]\].

***EGFR*** (Epidermal growth factor receptor): Paclitaxel is found to rescue synaptic pathologies induced by tau through adequate presynaptic vesicle store maintenance \[[@r96], [@r97]\]. Paclitaxel (Taxol) provides neuro-protection against Aβ toxicity in primary neurons \[[@r98]\]. Rapamycin, mTOR Inhibitor, is found to decrease the loss of synapse, reactive gliosis and neurodegeneration of perforant pathway in AD-tauopathy mouse model \[[@r99]\]. Also, it provides protection by increasing presynaptic activity in rat hippocampal primary neurons against Aβ-induced synaptotoxicity \[[@r100]\]. Further, chronic rapamycin use is shown to preserve brain vascular density, restore integrity and function through NO synthase activation in AD mouse brains \[[@r101]\]. Another mTOR inhibitor drug, temsirolimus, has also been shown to facilitate autophagic Aβ clearance in the brain of APP/PS1 mice and HEK293-APP695 cells and exerts neuroprotective effects by attenuating neurodegeneration in APP/PS1 mice hippocampus \[[@r102]\]. The induction of heat shock proteins (Hsps) confer neuro-protection in different complex neurological diseases including AD, stroke, and Huntington\'s disease and can be used as a possible therapeutic intervention \[[@r103]\]. The Hsp90 inhibitor, geldanamycin derived from Streptomyces has been found to inhibit tau aggregation \[[@r104]\]. It shows protection against Aβ42 induced hippocampal apoptosis and memory impairment partly by upregulation of Hsp70 and P70S6K \[[@r105]\].

The present study has some inherent limitations. We might have missed some associations due to the availability of scarce literature related to human PPI and validated viral-human protein interactions because of insufficient viral screening studies in neurodegenerative and neuropsychiatric disorders. In the present study, the search was performed with all AD candidates against all viruses together to identify a common network instead of one AD gene/protein against virus database which would have resulted in multiple networks. The probable reason for our findings could be the lack of evidence for direct interaction among certain human genes and viral genes/proteins. Additionally, the mode of infective pathological process in AD through oxidative stress and inflammation mediated by viruses is mostly unclear. We believe future in-depth studies should explore direct physical interaction of viral and human proteins along with elucidating the pathological pathways of viral infections involved in AD pathogenesis.

Conclusion
==========

Among several environmental etiological causes, viral infections could also be a potential risk factor for AD susceptibility. It is becoming increasingly apparent that the effect of exposure to infectious agents varies greatly depending upon the genetic makeup of the host. Virtually all of the genetic markers found to be associated with AD to date are 'risk factors' rather than 'causative genes' since many individuals who have the genetic marker do not have evidence of disease. The correct infectious diagnosis and validation of predisposing or disease modulating genes in blood of these patients would be crucial in elucidating therapeutic approaches in the prodromal phase of disease and may decrease the incidence of neurodegenerative disorders or increase the therapeutic window for neuro-protection. For complex multifactorial diseases, multi-target drugs or combination therapies might be more effective.
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![The overall workflow representing steps of data retrieval, processing, overlap and PPI network. APP-APP interacting genes, MAPT-Tau interacting genes, OS-oxidative stress genes, IN-inflammatory genes. (*The color version of the figure is available in the electronic copy of the article*).](CN-17-352_F1){#F1}
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###### 

Potential drug candidates with anti-inflammatory, antiviral activities along with role in Alzheimer's disease therapy.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Candidate Genes/**\                           **Target Drug**          **Drug Class**                                                                   **FDA Approved**   **Mode of Action**                                                                    **Evidence of Anti-inflammatory Properties**   **Evidence of Antiviral Activity**   **Potential for AD Treatment**
  **Proteins**                                                                                                                                                                                                                                                                                                                                           
  ----------------------------------------------- ------------------------ -------------------------------------------------------------------------------- ------------------ ------------------------------------------------------------------------------------- ---------------------------------------------- ------------------------------------ --------------------------------------
  ***AKT1*** *(*AKT serine/threonine kinase 1)                                                                                                                                                                                                                                                                                                           

  1                                               Risperidone              Antipsychotic                                                                    Yes                Has "loose" binding affinity for dopamine D2 receptors and 5-HT antagonist activity   √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r106]\]                                    \[[@r107]\]                          \[[@r83]\]

  2                                               Nelfinavir               Anti-retroviral                                                                  Yes                Human immunodeficiency virus-1 protease inhibitor                                     √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r108]\]                                    \[[@r109], [@r110]\]                 \[[@r92], [@r108]\]

  ***GSK3B*** (Glycogen synthase kinase 3 beta)                                                                                                                                                                                                                                                                                                          

  1                                               Alsterpaullone           Experimental                                                                     No                 CDK and GSK-3beta inhibitor                                                           √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r111]\]                                    \[[@r112]\]                          \[[@r84]\]

  2                                               Indirubin-3\'-monoxime   Experimental                                                                     No                 GSK-3beta inhibitor                                                                   √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r113], [@r114]\]                           \[[@r115], [@r116]\]                 \[[@r86]-[@r88], [@r115]\]

  3                                               Lithium                  Bipolar disorder                                                                 Yes                Inhibition of GSK3, inositol phosphatases, or modulation of glutamate receptors       √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r117], [@r118]\]                           \[[@r119]-[@r121]\]                  \[[@r90], [@r91], [@r121], [@r122]\]

  ***APOE*** (Apolipoprotein E)                                                                                                                                                                                                                                                                                                                          

  1                                               Ritonavir                Antiviral                                                                        Yes                HIV protease inhibitor                                                                √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r123]\]                                    (FDA approved antiretroviral)        \[[@r92]\]

  2                                               Simvastatin              Lipid-lowering agent                                                             Yes                Competitive inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A reductase              √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r124], [@r125]\]                           \[[@r126]-[@r134]\]                  \[[@r93]-[@r95]\]

  ***EGFR*** (Epidermal growth factor receptor)                                                                                                                                                                                                                                                                                                          

  1                                               Gefitinib                Anti-cancer                                                                      Yes                Inhibitor of receptor tyrosine kinase                                                 √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r135]\]                                    \[[@r136]-[@r138]\]                  \[[@r139]-[@r141]\]

  2                                               Erlotinib                Anti-cancer                                                                      Yes                Inhibitor of receptor tyrosine kinase                                                 √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r135]\]                                    \[[@r137], [@r142]-[@r146]\]         \[[@r141], [@r147]\]

  3                                               Paclitaxel               Anti-cancer                                                                      Yes                Antimitotic drug/microtubule (MT)-stabilizing/EGFR inhibitor                          √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r148]\]                                    \[[@r149], [@r150]\]                 \[[@r96]-[@r98]\]

  4                                               Sirolimus (Rapamycin)    Immunosuppressant and possesses both antifungal and antineoplastic properties.   Yes                Inhibits T lymphocyte activation and proliferation                                    √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r151], [@r152]\]                           \[[@r153]\]                          \[[@r99]-[@r102], [@r154]\]

  5                                               Geldanamycin             Antitumor antibiotic (Anti-cancer)                                               Yes                Hsp90 inhibitor                                                                       √\                                             √\                                   √\
                                                                                                                                                                                                                                                                     \[[@r155]-[@r157]\]                            \[[@r158]-[@r165]\]                  \[[@r103]-[@r105]\]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Interestingly, the same viruses were found to interact with AD GWAS genes providing support to our hypothesis.
